Transport mechanisms and rates for the long-lived Chernobyl deposits by Hilton, J. et al.
Vfl/T11052e571
Department of the Environment:
Commissioned research on radioactive waste
management 19  88 ,/ 89
Report Title:
DOE ReportNo:DOE/RW/ 88.104
Contract Title: TransportMechanismsand rates for the long-livedChernobyl
deposits
TransportMechanismsand rates for the
long-livedChernobyldeposits
DOE Reference: PECD 7/9/ 385
Contractor's Reference:
Author/Affiliations etc:
F.
M.
ti-(FeA)4
Hilton W. DavisonM(FBA)
'A .(ukn'tvt.‘
Livens 41(ITE
Hamilton-Taylor#Cancaster'University)]11=A L-
Sector No: 5 -2
Date of submission to DOE: Sept. 1988 Period covers by report: March 1987 - Sept. 1988
Abstract (100-200 words as desired):
WI I n !cps2 e I
Keywords (maximum of five
299,
The results of this work will
expressed in this report do
to be taken from DOE standard keyword list provided)
be used In the formulation of Government Policy, but views
not necessarily represent Government Policy.
Index
Page
ExecutiveSummary 1
Schedule 1 - programme of research 4
Introduction 5
Sampling strategies 5
Results
Ruthenium 103 7
Cs 137 and 134 8
Quantificationof direct depositiononto the lakes and
their catchments 10
Mathematicalmodellingof water concentrations 11
Sediments 17
Conclusionsand recommendations 22
References 24
Tables
Figures
ExecutiveSummary
A programmeof work has been carried out to determine the various
transportrates and mechanismsof Chernobylradionuclidesmoving from catchment
areas to rivers, reservoirs,lakes and sediments. In so doing the potential
for Cs to be retainedby and remobilisedfrom sediments was assessed, along
with the amount of depositedradioactivitywhich was in soluble form and hence
was availablein drinkingwater.
Only a limitedRu-103 data set was obtained before it had decayed away
below detectionlimits. However, results from this period showed that Ru
mirroredCs in its behaviouras it was measurable in the sediments at the same
time after the depositionand it was trapped in the bottom waters of the lake.
A substantialCs data set was obtained for two lakes, Windermere and Esthwaite
Water and it could be interpreted,with the aid of mathematicalmodels
developedduring this study, to indicate the major processes and pathways
operatingin the transportof Cs through lake catchments.
During the initialperiod after the deposition a maximum of 27% of the Cs
in the water column was found in the particulateform and rapidly (months)
reduced to 10-15% of the total. Total water column concentrationshad reduced
to half their initialmeasuredvalues within 15 days in Esthwaite Water and 70
days in Windermere. Cs-134 was observed in surface sediments within 7 days in
EsthwaiteWater (15.5m deep) and 30 days in Windermere (65 m deep) which, from
a knowledgeof mixing regimes of the lakes can be interpretedin terms of
similarsettlementvelocitiesof 1-2 m per day. A small proportion of
Chernobylmaterialwas rapidly moved into the sediment as shown by small
concentrationsof Cs-134 being found at a depth of 8 cm after one year. This
indicatesthat a non-diffusionaltransportmechanism, such as bioturbation,may
be importantfor the transportof particulatecaesium in sediments.
2A model was developedassumingthat: i) either the epilimnion or the
epilimnionand the metalimnionwere completelymixed; ii) direct transportof
soluble caesium to sedimentwas minimal;iii) after the initial deposition
event no Cs entered the lake via the inflow; iv) the transfer factor to
particulatematerial remainedconstant. It showed that 34-60% of the Cs was
lost via the outflow of EsthwaiteWater with 40-66% accumulatingin the
sediments. In Windermere26-38% went out the outflow and 62-74% to the
sediments. The data are consistentwith Cs being transportedto the sediments
on algal particles at settlingvelocitiesof about 1.5 m per day. This
velocity is very close to the value estimateddirectly from the delay before Cs
was observedin the sediments. The time dependence and total loads of Cs
accumulationin the sediments-estimatedfrom the model prediction of water
column losses, assumingno catchmentinput, agreed well with measured values.
Depositionloads estimatedfrom rainfalldata were 1-131 11200 Bqm-2,
Cs-137 2030 Bqm-2, Cs-134 1270 Bqm-2. Initial lake-waterCs concentrations
estimated from these fluxes agreed with concentrationsestimated by
extrapolationof the measuredconcentrationin the water column to the time of .
maximum Chernobyldeposition. In 1986 Cs was trapped in the isolated bottom
waters as deep water concentrationsremainedapproximatelyconstant after
thermal stratificationhad developedin May until the lake completely mixed in
the autumn,when concentrationsreduced rapidly to the low values observed in
the surfacewater by this time. In EsthwaiteWater Cs was released from the
sedimentsin the summer of 1987, into the bottom waters which were devoid of
oxygen reachinga mean concentrationof 8.3 Bqm-3. The total amount released
was equivalentto only 1% of the sedimentarystore.
The followingconclusionscan be drawn:-
3For a given atmosphericdepositionflux the initial lake concentrationwill
be inverselyrelated to the mean depth or to the mixed layer depth in a
stratifiedlake.
Epilimneticconcentrationsdecline quickly due to a combinationof flushing
and settling.
RemainingCs is mainly (90%) in the solutionphase.
Very little Cs was remobilisedfrom the clay catchments studied in this
work.
Only a small proportionof the sedimentaryCs was remobilisedinto the water
column althoughsignificantconcentrationswere developed therein.
Cs was probably transportedto the sedimentsby phytoplankton.
4SCHEDULE 1 - PROGRAMMEOF RESEARCH
TRANSPORTMECHANISMSAND RATES FOR THE LONG LIVED CHERNOBYL DEPOSITS
Objectives

To determinethe various transportrates, and mechanisms for Chernobyl
radionuclidesmoving from catchmentareas to rivers, reservoirs and lakes.
To assess possible retentionand re-mobilisationof Cs in sediments.
To assess the fractionof depositedradioactivitythat will remain in
sediments.
SCHEDULE 1 - WORK PROGRAMME
Assessmentof the rate and extent of removal of Cs and Ru from surface
waters to lake/reservoirsedimentsand the relative amounts which can escape
lake/reservoirsystems via river outflows.
Quantificationof the inputs associatedwith (a) direct deposition onto
the lake/reservoir,and (b) depositionon and subsequent transport from the
catchmentto the lake/reservoir.
Assessmentof the possible redistributionand remobilisationof
sediment-boundCs and Ru.
Determinationof the main mechanismsof •Cs/Ruremoval from lake/reservoir
waters to sediments.
Measurementof solid/solutiondistributioncoefficients (i.e. Kd) in
lake/reservoirwaters of various types.
5Introduction

The Chernobylreactor accidenthas led to increased levels of
radionuclidesin the environment,principallyCs-137. This contamination
provides an opportunityto better understandtransport mechanisms and rates of
Cs movement from the catchmentareas to rivers, reservoirs,lakes and the sea.
There is an opportunityto distinguishbetween direct deposition on to the
lakes and reservoirsand the contributionfrom the catchment areas.
Three samplingstrategieswere devised to determine both the various
transportrates, and mechanismsfor Chernobylradionuclidesmoving from
catchmentareas to rivers, reservoirsand lakes, and to assess possible
retentionand re-mobilisationof Cs-137 in sediments.
Samplingstrategies

Because the objectiveswere interlinkeda series of different but
interdependentsamplingstrategieswas developed.
a) Sedimentprofiles + water column
Startingfrom the 13th May (7 days after the major deposition of Chernobyl
derived material)water samples were collectedat a gradually decreasing rate
(Table1) from two lakes, EsthwaiteWater and Windermere North Basin, which run
parallel to, and within 2 miles of each other, in the same Silurian slate
bedrock. The two lakes were chosen because of their different morphological
and trophic status. EsthwaiteWater is a relativelyshallow (15.5 m max depth;
5.3m mean depth), small (totalsurface area 1.004 km2), eutrophic lake which
stratifiesannuallyand developsanoxia in the hypolimnionduring the summer
and early autumn. The North Basin of Windermere (the north and south basins of
Windermerecan be consideredas two separatelakes) on the other hand is a deep
(max depth 64 m; mean depth 25 m), large (surfacearea 8 km2), mesotrophic
lake which, althoughit stratifiesannually,does not lose all the oxygen in
the hypolimnion.
6On each sampling date startingfrom the 8th May (Table 1) a sediment core
was taken with a Jenkin Corer from the deepest point of both lakes. On
returning to the laboratory,cores were sliced into one cm sections,dried at
60'C to obtain the percentagewater content and then transportedto ITE
Merlewood for -spectroscopyon each section. All sedimentaryCs
concentrationsare reportedrelative to the dry weight of sample. During the
same sampling trip 10 1 sampleswere taken using a peristalticpump from the
upper water layer (Esthwaite3 m, Windermere3 m) and from the lower water
layer (Esthwaite13.5 m, Windermere45 m). In the laboratory these samples
were filtered through 0.45 pm Milliporefilters. Hypolimneticsamples from
Esthwaitewere not filteredprior to evaporationwhen strongly anoxic
conditionswere prevalentas large quantitiesof ferric oxide floc formed on
contact with the air. Subsampleswere taken for quantifyingsuspendedsolids
and analysisof carbon and nitrogenusing a Carlo Erba CHN analyser.
Particulatematerial and water were transportedto the Departmentof
EnvironmentalScience at LancasterUniversitywhere they were counted
separately. Particulatematerialwas counted directly on the filter. Water
samples were evaporatedto 100 ml and counted after addition of EDTA to
redissolveprecipitatediron.
Gamma spectra in the range 60-1800 keV were obtained using 40% relative
efficiencyhyperpuregermaniumdetectors,counting into 4096 channel MCAs.
Spectral analysiswas performedusing CamberraApogee software, running on a
microVAX computer. The detectorwas calibratedusing standards of appropriate
density and geometry,•preparedfrom a mixed radionuclidestandard solution
suppliedby NPL. Analysisof appropriateIAEA referencematerials showed the
results to be acceptablyaccurate.
b) SedimentGrids
Black Beck, the major inflow to EsthwaiteWater, enters at a narrow,
shallow part of the lake (Fig.1). At less frequent intervals than outlined in
7(a), (Table1), sedimentsamples were taken in a grid pattern (Fig. 1) from 16
sites which were locatedusing a 'Geodimeter'equipped with a laser range
finder. In the laboratorythe top two centimetreswere removed as one
sub-sampleand dried at 60°C to to obtain the percentage water content. The
-spectroscopicanalysisof each subsamplewas carried out at ITE, Merlewood.
c) Water Profile
On 27 August 1986, 10 1 water samples were taken from the deepest point of
EsthwaiteWater at intervalsof 0.5 or 1 metre throughout the whole water
column. Samples were filteredin the field through 0.45 pm membrane filters in
a speciallydesignedhigh volume sealed flow unit which excluded oxygen from
anoxic samplesand preventedoxidationof iron during the 20 minute filtration
procedure. -spectroscopywas carriedout as in a) to obtain values for
particulateand soluble Cs-134 and Cs-137. Oxygen and temperaturewere
measuredin situ at the time of sampling. Subsamples from each depth were
analysedfor soluble iron, manganese,zinc, copper, cadmium, lead, humic
substancesand dissolvedorganic carbon. Particulatematerial was analysed for
iron, manganese,carbon and nitrogen. A similar profile was taken on 9.9.87
but with a reducednumber of samples in the epilimnion.
Results
Ruthenium-103

As ruthenium-103has a short half-life (40 d) it was only possible to
quantifyconcentrationsif samples were counted before the end of November '86
at the latest. During this period counting facilitieswere overloadedwith
Chernobylsamples and prioritywas generallygiven to those samples from
researchwith confirmedcontracts. However, the importance of the Ru-103
resultswas appreciatedby the researchteam and efforts were made to obtain
data for a limitednumber of the early sediment samples up to and including
82/7/86 (Figure2). These samples suggest that the transportprocesSes to the
sediment are the same for both Ru and Cs (Table4, 5) as the time of transport
and depositionpatterns are the same for both elements Difficultiesin keeping
iron in solution in evaporatedwater sampleswere not solved until it was too
late to obtain many Ru counts (Table1). Therefore there is virtuallyno
informationabout Ru in the waters of the lake. Counts of Ru-103 on the
soluble fractionof the water from the Esthwaiteprofile taken on 27/8/86 gave
similar values, 10.7 ± 1.25 and 8.7 ± 1.3 mBq 1-1 at 0.5 and 13.5 metres
depth respectively,in contrastwith counts of Cs-134 which doubled at the deep
water site. Neither Cs-134 nor Ru-103 were detectable in the particulate
fraction. The literaturecontainedso little data for Ru concentrationsin
rainfall in Cumbria that it was not possible to estimate direct deposition to
the lake or the catchment.
Caesium-134and Caesium-137

Water data are given in tables 2 (Esthwaite)and 3 (Windermere)and plotted
in figures 3-6. Cs-134 and Cs-137 both show similar patterns in the two lakes.
The majorityof the Cs was found in the soluble form with a maximum of 27% in
particulateform in Esthwaiteat the start of the programme reducing to
generally10-15% later. In both lakes deep water concentrationsare initially
slightlylower than near surface samples,but, while surface concentrations
rapidlydecreased,deep water samples remainedrelatively constant until the
autumn,when they too decreasedto the same concentrationas surface samples.
In surface water, concentrationshad reduced to half the calculatedinitial
concentrationwithin 15 and 70 days in Esthwaite and Windermere respectively.
The overall pattern of these observationscan be explained by considering
the physicalprocessesoccurringin lakes. During the winter, wind induced
turbulenceis sufficientlystrong to ensure that the water is completelymixed
in three dimensions. However as spring progresses the heat of the sun warms
9the surface layers of water making them less dense than the colder bottom
layers. Eventually the density differencebetween the top and the bottom
becomes so large that the lake separatesinto two sections, one above the
other, which are effectivelyisolated from one another. Although vertical
mixing is relativelyslow there are strong horizontal currents. The bottom
waters - the hypolimnion- are cold and dark and the oxygen which they contain
is not replenishedas it is used by bacterial decompositionprocesses and
respiration,so that, in productivelakes, all the oxygen can be removed
producinganaerobicconditionswith ensuing release of Fe2+, NH4+, S2-
and other ions into the hypolimnion. Surface waters - the epilimnion - are
warm and completelyoxic as oxygen enters through the air-water interface as
normal and is suppliedby photosynthesis. In autumn, wind induced turbulence
increasesand heat inputs decline,so that eventually the wind mixing
"overturns"the stratificationproducinga fully mixed lake again.
Chernobylderived depositionarrived in May, during the onset of thermal
stratificationimmediatelybefore the bottom waters become isolated. Hence the
surfacedepositioncan be consideredto have mixed rapidly throughoutboth
lakes. In fact the concentrationdifferencesbetween surface and bottom
samples suggest that mixing was not quite complete, but that the assumptionof
completemixing is a reasonablefirst approximation. For reasons which will be
discussedlater concentrationsbegan to fall immediatelyin the completely
mixed system until thermal stratificationwas established. At this point
epilimneticconcentrationscontinued to fall while hypolimneticconcentrations
remainedstatic. In the autumn, destratificationagain produced a completely
mixed system with equal surface and bottom concentrations.
•Sedimentconcentrationsare given in Tables 4 and 5 for Esthwaite and
Windermererespectivelyand are plotted in figures 7-10. Particulatematerial
from the water column settles to the lake bottom accumulatingon previously
depositedsediment. As the majorityof the particulate material is algae, it
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is produced in the surfacewater, and a delay would be expected between the
observationof, say, Cs in surfacewater particulatesand its appearancein the
surface sedimentsdue to the length of time required for the particles to
settle. Cs had reached the sedimentswithin 7 days and 1 month in Esthwaite
and Windermererespectively. AlthoughEsthwaitedata is confused by two large
peaks which will be discussedlater (page21), both lakes show a similar
pattern of increasingdepositionuntil about the end of 1986 as Cs continues to
be transportedvia particles to the sediments. In the simplest situation,new
materialwould collect on top of older sedimentsto form discrete layers.
Hence, the Chernobylmaterialwould only be expected to be measurable in the
top slice of a sedimentcore. However,Cs is observed to move down into the
sedimentswith time suggestingthat more complex sedimentaryprocesses are
present.
Quantificationof direct depositiononto the lakes and their catchments
• / •Mean concentrationsof radionuclidesin precipitationin Cumbria were
obtained from the literature(Dept.Agric. N. Ireland et al. 1986). In the
period 3-20 May, data was availablefor 13 days for 1-131, 10 days for Cs-137,
9 days for Cs-134 and 4 days for Ru-103 (Table6).
Rainfalldata were availablefrom four sites in the locality (Table6).
Although these are generallyincompletethey do indicate the gross variability
of the rainfallover a very small area. Cumulative total rainfall for Foldgate
and Wray Mires, about 1 mile apart on opposite sides of EsthwaiteWater, differ
by a factor of 2. Similar comparisons•ofthe Ambleside data (about5 miles
away from Esthwaite)with the two former sites, for the days on which data are
availableat all these sites, show between 5 and 10 times more rain at
Ambleside. On the other hand comparisonof the Ambleside data with the
Merlewooddata (approx20 miles south of Ambleside) from 3-9th May only
differedby a factor of 2. As the Amblesidedata is the most complete it has
11
been used to calculatedepositionfluxes but the local variabilityin the
rainfallsuggests that estimatesare unlikely to be better than within a factor
of two of the actual mean deposition.
By the 20th May concentrationsof Chernobylderived radionuclidesin
rainfallwere markedly reduced to levels near to their limits of detection.
The total depositionwas estimatedby scanning all fluxes, from 3-20th May
inclusive (Table6), without attemptingto estimate missing values. Deposition
was 1-131 11200 Bq m-2; Cs-137, 2030 Bq m-2; Cs-134, 1270 Bq m-2
. There
was insufficientdata to estimate Ru-103 deposition. 1-131 fluxes are likely
to be under estimatesof the true flux as a large proportion of this nuclide is
depositedby dry depositionmechanisms.
Estimatesof Cs depositionare corroboratedby measurementsmade on a bulk
rainwatersample for 3rd-9th of May at Merlewood. In 347 ml of sample Cs-137
and Cs-134 concentrationswere 44.2 and 22.2 Bq 1-1 respectively. The
collectorwas 14.5 cm in diameter so that the total depositionduring this
period was 929 and 466 Bq m-2 Cs 137 and 134 respectively. Summation of the
appropriatedaily depositionestimates for Merlewood calculated in the same way
as the Amblesideestimates,gives depositionof 1098 and 706 Bq m-2. They
agree with the direct measurementto well within the minimum estimated error of
a factorof two. Estimatesof total depositiononto the surface of Esthwaite
Water and Windermereand onto their catchmentsare given in Table 7.
Mathematicalmodellingof Water Concentrations

Any pollutantwhich enters lakewatercan do one of three things a) remain
in the lake for a period of time then move on through the outflow, b) stay in
the lakewaterincreasinglake concentrations;c) be transportedto the lake
sedimentsand be removed,at least temporarily,from the system. Both (a) and
(b) are applicableto particulateand soluble forms of pollutant, but both the
rate of transportof soluble pollutants to the sediments, and direct removal
12
mechanismsby the sedimentsare very slow processes, so significantmass
transportof pollutantsto the sedimentswill only take place by the settling
of particulatebound material.
At any point in time after the assume*instantaneous deposition of
Chernobylmaterialonto the lake surface and instantaneousmixing within the
lake volume the system can be visualizedin terms of Fig. 11. A mass balance
for the lake can be constructedassuming that transportof soluble Cs direct to
the sedimentsis minimal.
	
- V.d(C +C ) = F(C + C ) + A.u.0 - F.C. (1)s p s p 2
dt
Where:
V = volume of completelymixed region of the lake (m3)
Cs = instantaneousconcentrationof soluble caesium in the lake (Bq m-3)
C = instantaneousconcentrationof particulatecaesium in the lake (Bq m-3)
C. = instantaneousconcentrationof caesium in the inflow (Bq m-3)
F = hydraulicflow through the lake (m3 d-1)
A = surface area of the lake (m2)
u = depositionvelocityof particulatecaesium (m d-1)
t = time from the initial event (d)
It is not possible to integratethis equation in its present form. If we assume
that C (in Bq.m-3)< cs (fig.5,6), then equation 1 reduces to
- V dCs = FCs + AuC - F C.1
dt
Cp and Cs are related by the distributioncoefficient (Kd) which is assumed
constantand defined by:
Kd = C
(3)
SS Cs
where SS = concentrationof suspendedsolids (m13.kg).
(2)
13
substitutionof equation 3 in 2 gives:
V dC FC + AuKdSS Cs -F C.s = s
dt
Separatingvariables
V dC C (F+AuKSS) - F C.
s = s d
dt
= (F+AuKd SS) (C -FC. )
s
F+AuKdSS
	
dCs = -(F+AuK d SS)
. dt (4)(Cs-k2) V
where k2 = F.C.
(F+AuKd SS)
integratingequation4 from t=0 to t=t when Cs=C0 and C respectively;
(Cs-k2)= -(F+AuKdSS)t
ln ----
(Co-k2) V
or C = C exp
-(F+AuK SS)t +( 1 - exp
-(F+AuK dSS)t ) F Cds o 2
V V (F+AuKdSS)
In this study only a limited number of samples were collected from the
inflows to Esthwaiteor Windermereduring the period of rapid concentration
change within the lake (Table8). Data for rivers anywhere in Britain are
extremelylimitedbut other work (Jonesand Castle, 1987) suggests that
concentrationsin rivers upstream of lakes fell extremely rapidly, i.e. within
a few days, to levels which were not significant. Rivers downstream of lakes
containedelevatedvalues due to the lake output but this would probably be
rapidlydiluted by other inflows. Assuming Ci = 0 equation 5 can be simplified
tO :
-(F+AuK dSS) t
C =Ce V
(5)
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There is insufficientindependentdata available from which to estimate u
and Kd' and suspendedsolids data for this work are incomplete. Hence the
modellingwill be carried out in terms of a multiple parameter variable Z (=
u.Kd SS) which has units of velocityand will be referred to as the areal
removal coefficienti.e.
-(F+Az)t

CCoe V (6)= 

Initiallyestimatesof the effects of hydraulic flushing alone were made by
setting z = 0.
Flow data for Eel House Bridge (downstreamof Esthwaite) and the River
Levens (outflowof Windermere,South Basin) were purchased from the North West
Water Authorityand appropriatecatchmentarea ratios (Esthwaite= 0.9119;
Windermere= 0.7318) were used to correct the data to give lake and basin
outflow from Esthwaiteand Windermererespectively. The most difficult
componentin the model to estimateis the appropriatelake volume. Chernobyl
materialwas depositedwhen both lakes were just beginning to stratify. We
need to estimate the volume of water in the upper mixed layer. Unfortunately
the natural systems do not conform to a simple 2 box model and rather than an
abrupt change at some depth from the hypolimnionto the fully mixed epilimnion
there is an intermediateregion, called the metalimnion,where a limited amount
of mixing takes place. This region can be quite small in terms of depth, but,
because it is in a relativelyshallow region of the lake, it is often
equivalentto a large volume of the lake. In order to put extreme bounds on
this region the upper limit of the hypolimnionand the lower limit of the
epilimnionwere determinedfrom the point of intersectionof the vertical
temperatureprofile in the fully mixed region with the sloping temperature
profile of the metalimnion (Fig. 12). The time dependence of concentrations
were then calculatedfrom equation 6 using either the epilimnion volume or the
epilimnionand metalimnioncombined,and assuming complete mixing in this
volume (Fig. 13,14) (Cs-137and Cs-134 are sufficientlyalike that only Cs-137
data are given).
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In Figure 13 for 3 m samples in Esthwaitethe measured data lies close to
•but just below the lower curve indicatingthat hydraulic flushing is probably
responsiblefor the basic shape of the data, but that another loss mechanism
may also be occurring. 3 m data from Windermere (Fig. 14), however, show a
considerabledifferencefrom the hydraulicflushing curves, at least in the
early period. This suggests that sedimentationis more important in Windermere
as might be expected for a lake with such a long retention time (1986 mean
0.4 y).
Assuming that all residuallosses can be attributed to sedimentation,
summationof the masses estimatedto have been lost by the hydraulic processes
and sedimentationover the period from the first measurementsto the end of
1987 shows that between 51-70% of the total Cs-137 load in Esthwaite and 40-58%
of the total Cs-137 load in Windermerecan be accounted for. The difference
from 100% representsthe amount lost before the first measurementswere taken.
Estimatesof initial lake concentrationssuggest that only about 70%and 50% of
the originaldirect atmosphericinput to Esthwaite and Windermere respectively
would be left in the water column by the time the first measurementswere taken
(see page 16). Results from the model show that between 34-60% of the Cs-137
in Esthwaitewas lost via the outflow with 40-66%being deposited on the
sediments. In Windermerebetween 26-38% were lost from the outflow and 62-74%
deposited to the sediments. The reduced losses via the outflow of Windermere
are to be expectedgiven the much longer hydraulic retention time (e.g. 1986
mean retentiontimes WindermereNB 0.4 y; Esthwaite 0.2 y).
HypolimneticCs concentrationsin Windermereare essentiallyconstant
during stratification(Fig.4), suggestingthat no release from the sediments
occurs. Initial observationof a detailedprofile in the water column of
Esthwaitewater taken on 27.8.86(Table11a, Fig. 15a) showed high
concentration(72 m Bq 1-1 Cs-137) below 11.5 m compared to concentrations
above that depth (mean = 39m Bq 1-1 Cs-137). This was initially interpreted
16
as evidence for considerableremobilisationof Cs from bottom sediments.
However, the time series data for the 13.5 m water sample (Fig. 3 & 6) show
that high hypolimneticconcentrationswere present all through the stratified
period indicatingthat the initiallydepositedCs was simply isolatedby
stratification. Although a small increase in concentrationwith time can be
seen in Esthwaite,changes in the hypolimnionvolume during this period are
large preventingany reliableestimate of recycling fluxes for 1986.
By the winter of 1986 and spring 1987 concentrationsin the epi- and
hypolimnionhad fallen to unmeasurablelevels. Epilimneticlevels then stayed
at these low levels while hypolimneticlevels increased again providing
reasonableevidence that the increasewas due to release of sedimentaryCs. An
alternativeexplanationis that Cs on settlingparticulatematerial was
remobilisedbefore reachingthe bed. A second profile was taken on 9th Sept.
1987 (Table11b, Fig. 15b). The high concentrationsimmediatelyabove the bed
indicatethat the sedimentis probably the source, but it is not conclusive.
The mean concentrationof Cs-137 on 9.9.87in the hypolimnion,i.e. below 8 m,
was 8.35 Bq. m-3. The volume enclosed by this contour is 1.279 x 106 m3
giving a total quantity of 10.68 x 106 Bq in the hypolimnion. This is
equivalentto 1-2% of the total Cs-137 stored in the top 5 cm of the sediments
below a depth of 8 m of water. We can conclude that any remobilisationis
small compared to the total quantitiesof Cs in the sediments but it can
produce significantconcentrationincreases in the water column.
If the areal removal coefficientremained constant over the initial period
and the input of Cs via the inflow was insignificant,a plot of log
concentrationagainst time will be linear. Figs 16 and 17 are reasonably
linear during May and June supportingthese assumptions. By extrapolationthe
initialsoluble concentrationscan be estimated: 182(Cs-134),275(Cs-137),in
Esthwaiteand 72(Cs-134)and 135(Cs-137)Bq m-3in Windermere respectively,
comparedwith 200, 318, 51, 81 Bq m-3 respectivelyestimated from deposition
data assumingcompletemixing. As only the soluble fraction was used in the
17
model calculationthe formerestimatesare likely to be a little on the low
side (about30%) but they are still well within a factor of 2 of the
concentrationscalculatedfrom depositionestimates. The higher values
obtained by extrapolationfrom Windermeredata imply that the assumptionof
instantaneouscompletemixing is not completelyvalid and this is corroborated
by differencesin the measuredepilimneticand hypolimneticconcentrationsat
the start of sampling. However the errors introducedinto the model by this
assumptiondo not appear to be significantcompared with the variabilityin the
estimatesof initial depositionfluxes.
Sediments

Figs 2 and 3 indicatethat Ru-103 and Cs-134 had reached the surface
sedimentsof Esthwaitewater within 7 days of the major deposition.Cs-134 was
not observed in the sedimentsof Windermereuntil the 3rd June, i.e. 27 days
after the event (Fig.4), althoughsamples from 20th May indicate that Cs 137
could have increasedslightlyabove backgroundlevels at that time. From the
depth of each lake it is possible to calculatesettling velocities of 1.8 m
d-1 and 2.3 m d-1 respectivelyfor Esthwaiteand Windermere assuming
particlessettle from 3 m depth to the bottom (Table 12). However, hydraulic
mixing will rapidly move particleswell down into the water column, reducing
the distance they have to settle to the bed. Therefore these estimates are
likely to be greater than the true settlingvelocities and are referred to as
the maximum velocityin Table 12. An estimate of the minimum velocity can be
obtainedby assuminginstantaneousmixing of particles down to the bottom of
the epilimnionand subsequentsettlementfrom this depth (Table 12). The
minimum velocitycalculatedin Windermereis within a factor of 2 of the
maximum velocity in both Esthwaiteand Windermere. However the minimum
velocity in Esthwaiteis an order of magnitude lower than the other three
estimatesand probablyrepresentsan unrealisticassumption. The former speeds
are typicalof settlingvelocitiesfor natural particles in lakes (Reynolds
1984).
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Althoughdata are limited a mean Kd (Figure11) of 171 (SD = 81) m3
kg-1 can be estimated from EsthwaiteCs-137 and Cs-134 data. By substituting
this value, and the suspendedsolids concentrationinto the equation for z (=
u.Kd.SS) it is possible to estimate the settlingvelocity independently
(Tables9 and 10). Model derived velocitiesrange from 0.08 - 6.3 m d-1 with
a mean of 1.5 m d-1 which is very close to the mean of 1.8 m d-1 estimated
from the delay before Cs-134 appearancein the sediments. The very low
velocitiesestimatedfrom the model in some instancesprobably result from
either an injectionof Cs from the hypolimnionor violation of the assumption
of no inputs via the inflow. There are obvious violationsof these
simplificationson occasionswhen the concentrationat one sampling date is
greater than the concentrationon the previous date. Small injectionsof Cs
would have the effect of apparentlyreducingu. Hence, the very low velocities
can probablybe ignored.
Assumingquiescent-settling,sphericalparticles,with diameters ranging
from 11.8-20.3pm and having the mean density of lake sediment (Table 12) of
1.6 g cm-3, would have appropriatesettlingvelocities. However, lake
sedimentis not made up of particlesof uniform mean density. The density is
more nearly bimodal with many heavier silicatemineral and quartz particles
with density about 2.6 g cm-3), and other lighter organic particles of mainly
algal origin with a density 1.1 g cm-3. Sphericalparticles with appropriate
settlingvelocitiesrange from 4.4-7.6 pm for clay particles and 70-122 pm for
algal cells without silica skeletons. Tipping (1982)has shown that low
density iron floc has an equivalentStokes diameter of typically 0.3-0.5 pm and
so would sink very slowly.
In May 1986 the North Basin of Windermerewas dominated by the alga
Asterionella(disc-likecolonies 1 pm thick, 150 pm diameter with a silica
skeleton). Settlingvelocities for Asterionellacolonies have been measuredby
Reynolds (1984)at 0.6-0.9 m d-1 dependingon the colony size. This is the
same order as the velocitieswe observed. EsthwaiteWater had a mixed
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populationof Anabaena,Dinobryon and several species of small cryptophytesand
flagellates. Anabaena containsgas vacuoleswhich help it to stay in
suspension. It would be unlikely to sink and reach the bottom before the
autumn. The small cryptophytesand flagellateswould be eaten by zooplankton
and dependingon the zooplanktonspecies,excreted either as faecal pellets
which are about 150 pm in size, quite compactedand settle very quickly
(> 400 m d-1 i.e. within a day), or as a diffuse mass with a similar sinking
rate to normal phytoplankton. Dinobryonwas observed to have disappearedfrom
the upper 5 m of water column by the 21st of May and was likely to have reached
the bed either as algal cells or encystedcells. A peak in sediment
concentrationsof Cs was observed at this time.
The initialdata are consistentwith particulatetransportof Cs and Ru to
the sedimentsby associationwith algae, Asterionellain Windermere and
Dinobryonin Esthwaitebut furtherwork is required to corroboratethis
pathway. In particular,it is not known whether the Cs is adsorbed onto the
algae or whether there is a specificuptake mechanism. All freshwater
organismsare requiredto osmoregulateand consequentlypotassium is pumped
through their bodies. Cs could be involvedas an alternativeto K and so
osmoregulationcould provide a specificuptake mechanism. _However,the similar
sedimentrecruitmentrates for Cs and Ru, which would not be directly involved
in osmoregulation,argue against such a possibility.
Total loads of Cs accumulatingin the sedimentscan be calculatedby
summing all the Cs-134 and Cs-137 in any core. A constant correlationfactor
was estimatedfrom a frequencydistributionof individualCs-137 concentrations
in slices from the top 5 cm of cores taken prior to 31.12.86 and which
containedno Cs-134, fig 18a,b. The factor was subtractedfrom Cs-137
concentrationsto remove the effects of bomb caesium:Esthwaite = 157 Bq
kg-1; Windermere= 190 Bq kg-1. Total loads are tabulatedin Tables 13 and
14 and plotted in figures 19 and 20. An estimateof the sediment contribution
from materialdepositeddirectlyonto the water surface can be calculatedfrom
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the water column model (Table9). By starting the model with the concentration
at the beginningof a sampling interval,the amount of radio caesium lost due
to hydrauliceffects can be calculated. Subtractionof the remainingCs load
at the end of the sampling interval from the amount which would have been
present if hydraulicprocessesalone had been operating gives the load
transportedto the sediments.
An estimateof the amount of Cs being transportedto the sediment on the
first samplingdate was made by taking a proportion (c. 70%) of the total Cs
lost during the first few measuredperiods. A delay, equivalent to the length
of time taken in each lake for Cs-134 to reach the sediments,was added to each
water column measurementdate to allow for the time taken to settle through the
water column. Either 62 (epi)or 74 (hypo)% of the initial loss in Windermere
and 40 or 66% in Esthwaitewere consideredto have settled to the sediments
(Fig. 20).
In both Esthwaiteand Windermerethe accumulationof material in the
sedimentestimatedusing epi and epi+mesovolumes straddle the general trend
(Figs19 and 20) suggestingthat the early increases in sediment concentrations
are due solely to transferof a proportionof the material originally deposited
on the surfaceof the lake. The fit is better for Windermere than Esthwaite,
but evidence from the grid sampling (Fig.24) suggests that samples taken at
the deepestpoint of Esthwaitewere not typical as the large peaks in July and
October '86 are not apparent in most cores. In September/October86 there
appears to be a sudden increasein Cs concentrationsin the sediments of both
lakes, presumablydue to the rapid demise of the summer algal populations.
Concentrationsin fish flesh did not follow the pattern expected from
models (MAFF,unpublished). Instead of a rapid rise coincident with water
concentrationrises, followedby a slow fall, concentrationsrose steadily for
1 y to 18 months before starting to fall, and occasional fish containedvery
high concentrationsof Cs. There is some conjecture that the sedimentsmay be
a previouslyunrecognisedlink in the transferof radionuclidesinto freshwater
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fish via invertebratefood sourcesliving in the sediments. Hence it is of
interestto observe the "mixingdepth" of Chernobylmaterial into the
sediments. In an ideal sedimentarysituationpollutants will settle on the
surfaceof the sediment and become covered by new sedimentingmaterial forming
a discretelayer. However other processes,e.g. turbulentwater mixing,
bioturbationor diffusion,can cause the input material to be mixed over a
finite depth from the sedimentsurface,smearing the recorded deposition
pattern. The base of the detectableCs-134 record is plotted in figure 21.
Within 2 months of the ChernobyldepositionCs-134 was present-to a depth of at
least 5 cm in the Esthwaitesediments,whereas in Windermere it had only
penetratedto about 2i cm. It is unlikely that this effect is an artifactof
the slicing techniqueused during sample preparation,when Cs could be
transferreddown the core by smearingof the edge material on the tube surface,
because cores from the two lakes were treated identicallyand there was no
evidenceof a relationshipbetween penetrationdepth and the maximum Cs
concentration(Fig. 22). Furtherwork is required to elucidate the cause of
this phenomenon,either within lake or during sample •preparation,as the
verticalstabilityof Cs within the core is importantboth because of its use
as a dating tool and, particularlybecause an increase in the mixing depth
reduces the mean concentrationof Cs availableto invertebratesand is an
importantparameterin any model of radionuclidetransfer into the food chain
via freshwaterfish.
On the assumptionthat much of the material entering the lake from a clay
rich catchmentcould be transportedas aggregatesin the bed load along river
bottoms and be missed by normal sampling,a grid of sites were sampled in
EsthwaiteWater where the lake narrows drasticallytowards the outlet of the
main feed river - Black Beck, Fig. 1. Data are given in Table 15 and
concentrationsplotted with time in Figure 23. It is immediatelyapparent that
data at differentsites are extremelyvariable and the central buoy data fall
into a group representedby violent changes in concentrationrather than the
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smootherchanges observed in many other cores. However there is a general
trend in all cases of higher concentrationsat the start of the work compared
to the data at the end of the period. Distributionmaps of the mean
concentrationof the first four samples and the last two samples at each site
are given in figure 24a and b respectively. Fig. 24a shows a heterogeneous
distribution. An interestingfeature is the high concentrationof Cs around
the smaller inflows but low concentrationsaround the mouth of Black Beck.
This can be rationalisedas follows. The small streams are ephemeral,
disappearingin dry spells, but in wet weather they can be seen to have large
contributionsfrom overland run-off,transportingsurface soil rich in
Chernobylfallout, to be depositedclose to the stream outlet. Black Beck, on
the other hand, is the main drainagechannel from the catchment. Much of the
pasture in the lowland area of the catchmenthas been improved by subsurface
drainage (J.W.G.Lund, personal communication)so that Black Beck has a high
contributionfrom sub-surfacesourceswhich contain low concentrationsof Cs.
At the end of the samplingperiod redistributionand dilution by newly
accumulatedsediment had reduced the concentrationrange from 244-1400 Bq
kg-1 to 193-544,excludingone slightlyhigher concentrationsample at the
outlet of one beck. The general pattern of concentrationfollows that of an
independentmap of sedimentdepositionrate, (fig. 24c, Hilton et al., 1986)
with low concentrationsin low depositionregions and vice versa.
Conclusionsand Recommendations

0 A simple model has been used to show that hydraulic washout is not the
only loss process. Incorporationinto particles and subsequent depositioncan
be an important loss process,particularlyin lakes with long retention times.
The relativeimportanceof the two processeswill depend on the depth,
hydraulicresidence times, the degree of stratificationof a lake and the
amount of primary productivity. The latter gives a seasonal dependence as does
the importanceof algae as the main source of particulatematerial. More work
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is requiredon the uptake of Cs by both phytoplanktonand other natural
particles. Informationis also requiredon their sinking rates before a
reliablepredictivemodel can be produced.
The initial concentrationin the water column in lakes within clay
catchmentsdepends simply on the surface deposition and the surface area to
volume ratio.
In clay catchmentsonly a very small amount of the material depositedon
the catchmentis remobilisedinto the aquatic system. It is probable that this
is not the case in organic catchmentsin upland areas where many reservoirsare
found and furtherwork is requiredon this important aspect.
ChernobylCs has moved rapidlydown the sediment profile. This has the
effect of reducing the average concentrationof radiocaesiumin the food of
sedimentaryinvertebrates. Further investigationof the processes involved is
requiredbefore reliablemodels can be developed for the transfer of
radionuclidesinto the food chain via freshwaterfish.
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Table1. Samplingdatesforwatersamplesand sedimentprofilesin Esthwaite
andWindermere,sedimentgridsamplesfromEsthwaiteand water
profilesfromEsthwaite.
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Table 4. Concentrations of radionuclides in the top 5 cm of sediments
in Esthwaite Water.
Date
-1
Bq kg
0-1cm
-1
Bq kg
1-2cm
Cs-134
-1
Bq kg
2-3cm
-1
Bq kg
3-4cm
-1-1
Bq kgBq kg
4-5cm0-1cm
-1
Bq kg
1-2cm
Cs-137
-1
Bq kg
2-3cm
-1
Bq kg
3-4cm
-1
Bq kg
4-5cm
08/05/86 <11.1



-159.0 118.0 122.0 107.0 100.0
13/05/86 77.7



-407.0 137.0 130.0 111.0 115.0
21/05/86 1088.0 24.7
- 16.0 -2479.0 189.0 122.0 144.0 137.0
04/06/86 496.0 33.3 <11.1 <11.1 <11.1 1225.0 174.0 130.0 141.0 174.0
16/06/86 242.0 20.9 11.0 <11.1 8.8685.0 159.0 144.0 130.0 159.0
02/07/86 955.0 67.0 24.0 34.8 28.1 2357.0 263.0 211.0 207.0 215.0
14/07/86 1690.0 1280.0 177.0 51.3 70.2 3730.0 2810.0 455.0 202.0 232.0
30/07/86 16.20.0 1020.0 195.0 33.2 40.4 3480.0 3080.0 487.0 182.0 193.0
11/08/86 1040.0 191.0 40.5 19.6 16.5 2360.0 490.0 192.0 152.0 161.0
03/09/86 71.3 401.0 145.0 32.9 -151.0 922.0 431.0 209.0 179.0
22/09/86 190.0 40.7 <11.1 <11.1 <11.1520.0 193.0 138.0 139.0 140.0
20/10/86 683.0 144.0 24.6 <11.1 24.3 1550.0 394.0 161.0 140.0 163.0
03/11/86 483.0 647.0 127.0 30.6 26.4 1060.0 1460.0 358.0 157.0 159.0
19/11/86 298.0 92.4 29.9 14.0 <11.1751.0 312.0 174.0 157.0 142.0
15/12/86 315.0 183.0 39.7 <11.1 <11.1751.0 477.0 184.0 140.0 <11.1
02/04/87 185.0 181.0


-433.0 555.0 202.0 155.0 145.0
01/06/87 83.0 120.0 66.0 41.0 52.0399.0 331.0 224.0 179.0 206.0
24/08/87 273.0 250.0 154.0 79.0 -619.0 595.0 392.0 256.0 185.0
30/11/87 114.0 172.0 279.0 165.0 37.0351.0 505.0 668.0 426.0 183.0
Ru -103 
 Ru -106
	
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg
Date 0-1cm 1-2cm 2-3cm 3-4cm 4-5cm 0-1cm 1-2cm 2-3cm 3-4cm 4-5cm
08/05/86 -22.2
13/05/86 677.0
	
21/05/86 4995.0
-
- 1343.0
04/06/86 2146.0 <29.6 <29.6 <29.6 <29.6 477.0
	
16/06/86 1129.0 115.0 62.9 <29.6 29.6 -
02/07/86 3885.0 148.0 <29.6 159.0 170.0 984.0
14/07/86-
30/07/86-
11/08/86
03/09/86
20/10/86
03/11/86
19/11/86
15/12/86
-2180.0 1240.0
- 1550.0 688.0
- 1330.0
-605.0 -22.2 481.0
- 1160.0
-737.0 749.0
-392.0
-371.0 218.0
Table 5. Concentrations of radionuclides in the top 5 cm of sediments
in Windermere.
Date
-1
Bq kg
0-1cm
-1
Bq kg
1-2cm
Cs-134
-1
Bq kg
2-3cm
-1
Bq kg
3-4cm
-1-1
'Bq kg Bq kg
4-5cm0-1cm
-1
Bq kg
1-2cm
Cs-137
-1
Bq kg
2-3cm
-1
Bq kg
3-4cm
-1
Bq kg
4-5cm
08/05/86 <11.1 <11.1 <11.1


-81.4 137.0 137.0 167.0 192.0
13/05/86 <11.1 <11.1 <11.1


-152.0 170.0 196.0 229.0 215.0
20/05/86



-311.0 155.0 137.0 159.0 174.0
03/06/86 492.0 39.0 <11.1 <11.1 <11.1 1162.0 266.0 138.0 148.0 174.0
17/06/86 696.0 115.0 <11.1 <11.1 <11.1 1728.0 359.0 144.0 152.0 148.0
01/07/86 339.0 48.0 <11.1 <11.1 <11.1966.0 281.0 137.0 174.0 178.0
15/07/86 675.0 146.0


-1560.0 452.0 179.0 144.0 174.0
29/07/86 1620.0 217.0


-3690.0 521.0 234.0 221.0 219.0
14/08/86 403.0 101.0


-1020.0 329.0 168.0 155.0 156.0
03/09/86 524.0 <11.1 48.4 <11.1 <11.1 1180.0 402.0 188.0 127.0 122.0
23/09/86 303.0
-


-725.0 126.0 122.0 210.0 230.0
21/10/86 935.0 638.0 122.0


-2080.0 1480.0 407.0_ 230.0 233.0
18/11/86 854.0 797.0 386.0 63.3 -1870.0 1737.0 959.0 267.0 195.0
09/12/86 732.0 450.0 73.2


-1710.0 1070.0 277.0 227.0 250.0
02/04/87 676.0 344.0 28.0


-1540.0 856.0 171.0 155.0 184.0
03/06/87 722.0 428.0 106.0


-1711.0 962.0 319.0 156.0 158.0
25/08/87 483.0 486.0 211.0 44.0 -1110.0 1099.0 582.0 327.0 294.0
01/12/87 184.0 192.0 135.0


-885.0 861.0 636.0 239.0 172.0



Ru-103



Ru-106


-1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg Bq kg
Date 0-1cm 1-2cm 2-3cm 3-4cm 4-5cm 0-1cm 1-2cm 2-3cm 3-4cm 4-5cm
08/05/86 <22.2 <22.2 <22.2
13/05/86 <22.2 <22.2 <22.2
03/06/86 4144.0 278.0 <22.2 <22.2 <22.2
17/06/86 7474.0 1232.0 125.0 <29.6 <29.6 910.0
01/07/86 2897.0 492.0 <22.2 <22.2 <22.2 640.0
29/07/86 -
- 2550.0 557.0
03/09/86
21/10/86
18/11/86
09/12/86
02/04/87
03/06/87
- -


-


-
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Table 7. Total depositionof Chernobylradionuclidesonto lakes and
catchments.
Lake area (km2)
Lake area (m2)
1-131 load (Bq)
Cs-137 load (Bq)
Cs-134 load (Bq)
Catchmentarea-lake (km2)
Catchmentarea-lake(m2)
1-131 load (Bq)
Cs-137 load (Bq)
Cs-134 load (Bq)
Total catchmentarea (km2)
Total catchmentarea (m2)
1-131 load (Bq)
Cs-137 load (Bq)
Cs-134 load (Bq)
Esthwaite
1.004
1.004 x 106
1.244x 1010
2.035 x 109
1.278 x 109
16.1
16.1 x 106
111.995x 10
3.263x 1010
2.571x 1010
17.1
17.1 x 106
112.119x 10
3.466x 1010
2.177x 1010
WindermereNorth Basin
8.046
8.046 x 106
0.997x 1011
1.631x 1010
1.024x 1010
160
160 x 106
1.982 x 1012
3.243x 1011
2.037x 1011
168.3
168.3 x 106
2.085 x 1012
3.411x 1011
2.142x 1011
Table8. Radiocaesiumanalysisof riverwaters. R. Leven= outflowfrom
Windermeresouthbasin;.CunseyBeck= outflowfromEsthwaiteWater;
BlackBeck= majorinflowto EsthwaiteWater.
River Date ActivitymB1/1
Cs-134 Cs-137
R. Leven 25.07.86 11.11± 1.98 22.58± 3.04
CunseyBeck 25.07.86 18.54± 2.62 37.63± 3.82
CunseyBeck 17.03.87 <2.04


3.27 ± 1.52
CunseyBeck 24.04.87 <2.35


<2.74


CunseyBeck 22.05.87 <2.23


4.61 ± 1.75
CiinseyBeck 14.07.87 <2.11


3.12 ± 1.55
BlackBeck 06.10.86 <3.51


7.96 ± 2.14
BlackBeck 17.03.87 <2.00


<2.63


BlackBeck 24.04.87 <2.31


3.61 ± 1.62
BlackBeck 22.05.87 <2.30


4.75 ± 1.76
BlackBeck 14.07.87 <2.15


<2.64
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Table11b. Esthwaiteprofile9.9.87


Temperature


oxygen
rag1-1 pM Depth
m
ActivitymBq/1
Cs-134Cs-137
0 16.1 108 10.6 331



1 16.1 108 10.6 330 1.0 <2.26 <3.08
2 16.0 107 10.5 329



3 15.9 104 10.2 319



4 15.9 103 10.2 318 4.0 <2.39 <3.06
5 15.8 102 10.1 316



6 15.6 70 7.0 218 7.0 <2.13 <2.66
7 14.4 22 2.2 68



8 12.4 <1 <0.1 1 8.0 <2.20 8.25± 1.94
9 11.7 <1 <0.1 1


<2.51 8.00± 2.13
10 11.2 <1 <0.1 1


<2.97 6.76± 2.24
11 10.4 <1 <0.1 1


<2.74 5.28t 2.03
12 10.2 <1 <0.1 1


2.56t 0.88 6.85± 2.19
13 10.0 <1 <0.1 1


2.28± 0.74 6.30t 1.90
14 9.9 <1 <0.1 1


<2.08 9.68± 2.07
14.7 9.9 <1 <0.1 1


2.67 ± 0.80 15.64 ± 2.47
15.0= bottom
S. Disc= 1.6m
Table12.SettlingvelocitiesandequivalentStokesdiametersfor particles
transportingCS to thesediments.
Esthwaite Windermere
Maximum1
velocity
limeto first
appearancein
sediments(d) 7
Depthof travel(m) (15.5-3)
velocity(m d-1) 1.8
Equivalentspherical
particlediameters(pm)
density= 1.6g cm-3 15.9
density= 2.6g cm-3 6.0
density= 1.1g cm-3 96
Minimum2
velocity
1Maximum
velocity
2Minimum
velocity
7 27 27
(15.5-14) (64-3) (64-28)
0.2 2.3 1.3
1.8 2).3 11.8
0.7 7.6 4.4
10.6 122 70.6
1 distancetravelled= maximumdepth- 3 m
2 distancetravelled= maximumdepth- epilimnionbase
Table 13 Sums of Cs-134 and (Cs-137 - background Cs-137) for top 5 cm of sediment
in Esthwaite Water
Date Cs-134 Cs7137
Bq m-2 x 10 Bq m-2 x 10
08/5/86


-20.023
13/5/86 4.185
-1.936
21/5/86 41.232 74.390
04/6/86 32.473 62.572
16/6/86 23.8661 36.543
02/7/86 67.855 148.254
14/7/86 145.332 284.942
30/7/86 140.010 327.514
11/8/86 31.565 42.648
03/9/86 41.591 75.867
2219/86 16.935 21.911
20/10/86 53.316 89.345
03/11/86 102.737 183.946
19/11/86 39.818 65.316
15/12/86 49.450 61.143
02/4/87 27.694 56.319
01/6/87 35.311 48.419
24/8/87 108.777 182.304
30/11/87 81.554 141.404
Table14Sumsof Cs-134and(Cs-137- backgroundCs-137)forthetop5 cm of
08/5/86
13/5/86
20/5/86
sedimentinWindermere
Cs-134
Bqm-2x 10
Cs-137
Bqm-2x 10
-9.494
5.891
-6.394
03/6/86 8.643 8.773
17/6/86 22.787 37.552
01/7/86 14.972 27.830
15/7/86 23.615 40.843
29/7/86 45.480 100.068
14/8/86 20.272 30.287
03/9/86 22.429 36.076
23/9/86 32.775 49.120
21/10/86 72.923 153.616
18/11/86 103.224 199.375
09/12/86 66.626 140.068
02/4/87 63.078 114.071
03/6/87 73.802 128.026
25/8/87 72.903 154.853
01/12/87 25.607 91.800
Table 15
Esthwaite Water Grid Samples 1
	 Site=1 	
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 137.0 373.0
08/05/86 162.0 436.0
16/06/86 56.2 165.0
14/07/86 123.0 366.0
11/08/86 23.9 66.8
02/09/86 90.1 271.0
03/11/86 56.6 271.0
15/12/86 95.5 313.0
02/03/87


263.0
02/04/87 114.0 349.0
01/06/87 106.0 349.0
24/08/87 124.0 363.0
30/11/87 93.1 293.0
Site=2
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 20.3 134
08/05/86 35.5 132
16/06/86 78.6 265
14/07/86 59.9 231
11/08/86 221.0 523
02/09/86 156.0 421
03/11/86 200.0 503
15/12/86 107.0 275
02/03/87


02/04/87 107.0 281
01/06/87 83.6 294
24/08/87


145
30/11/87 84.4 257
Site=3
bate
02/05/86
Cs134
Bq/Kg
Cs137
Bq/Kg
08/05/86 35.9 129
16/06186 60.7 179
14/07/86 84.0 217
11/08/86 118.0 320
02/09/86 111.0 313
03/11/86 119.0 330
15/12/86 125.0 351
02/03/87


02/04/87 61.6 156
01/06/87 79.9 235
24/08/87 56.8 176
30/11/87 65.6 210
' Table 15 cont'd
Esthwaite Water Grid Samples 2
	 Site=4 	
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 212 433
08/05/86 677 1540
16/06/86 514 1130
14/07/86 78 250
11/08/86 300 728
02/09/86 329 811
03/11/86 213 561
15/12/86 153 415
02/03/87 141 371
02/04/87 114 301
01/06/87 140 367
24/08/87 118 309
30/11/87 108 294
Site=5
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 191.0 478
08/05/86 136.0 407
16/06/86 508.0 1180
14/07/86 291.0 756
11/08/86 375.0 863
02/09/86 423.0 1023
03/11/86 138.0 403
15/12/86 278.0 720
02/03/87


203
02/04/87 178.0 453
01/06/87 239.0 680
24/08/87 156.0 428
30/11/87 91.1 325
Site=6
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 185 488
08/05/86 242 648
16/06/86 313 893
14/07/86 301 789
11/08/86 561 1310
02/09/86 369 922
03/11/86 287 738
15/12/86 372 921
02/03/87 250 667
02/04/87 292 828
01/06/87 256 667
24/08/87 313 786
30/11/87 164 565
Table 15 cont'd
Esthwaite Water Grid Samples 3
	 Site=7 	
Date Cs134
Bq/Kg
Cs137
Bq/Kg
02/05/86 135 414
08/05/86 430 972
16/06/86 345 834
14/07/86 410 1006
11/08/86 381 936
02/09/86 350 858
03/11/86 233 570
15/12/86 235 571
02/03/87 169 437
02/04/87 144 393
01/06/87 144 381
24/08/87


132
30/11/87 182 488
Site=8
Date Cs134
Bq/Kg
Cs137
Bq/Kg
02/05/86 144.0 377
08/05/86 276.0 640
16/06/86 347.0 727
14/07/86 326.0 824
11/08/86 257.0 619
02/09/86 156.0 447
03/11/86 263.0 655
15/12/86 177.0 457
02/03/87 154.0 457
02/04/87 92.9 299
01/06/87 116.0 320
24/08/87 165.0 425
30/11/87 143.0 327
	 Site=9
Date
02/05/86
Cs134
Bq/Kg
Cs137
Bq/Kg
128
08/05/86 126.0 363
16/06/86 184.0 482
14/07/86


133
11108/86 264.0 650
02/09/86 272.0 672
03/11/86 239.0 589
15/12/86 295.0 747
02/03/87 209.0 490
02/04/87 227.0 592
01/06/87 144.0 390
24/08/87 170.0 485
30/11/87 91.5 343
Table 15 cont'd
EsthwaiteWater Grid Samples 4
	 Site=10 	
Date Cs134
Bq/Kg
Cs137
Bq/Kg
02/05/86 54.2 182
08/05/86 346.0 834
16/06/86


211
14/07/86 255.0 665
11/08/86 108.0 352
02/09/86 255.0 688
03/11/86 285.0 756
15/12/86 296.0 784
02/03/87 320.0 832
02/04/87 194.0 507
01/06/87 261.0 717
24/08/87


336
30/11/87 162.0 501
Site=11
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 . 130
08/05/86 184 553
16/06/86 152 502
14/07/86 287 982
11/08/86 588 1450
02/09/86 531 1310
03/11/86 509 1210
15/12/86 393 996
02/03/87 129 459
02/04/87 106 306
01/06/87 . 145
24/08/87 187 508
30/11/87 163 515
Site.12
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86


223
08/05/86 269.0 734
16/06/86 193.0 576
14/07/86 193.0 623
11/08/86 335.0 926
02/09/86 489.0 1150
03/11/86 128.0 504
15/12/86 303.0 799
02/03/87 286.0 720
02/04/87 411.0 939
01/06/87 287.0 739
24/08/87 93.8 440
30/11/87 201.0 647
Table 15 cont'd
Esthwaite Water Grid Samples 5
	 Site=13 	
Date Cs134 Cs137
Bq/Kg Bq/Kg
02/05/86 . 177
08/05/86 175 484
16/06/86 184 481
14/07/86 147 453
11/08/86 458 1151
02/09/86 147 460
03/11/86 147 453
15/12/86 518 1230
-02/03/87 . .
02/04/87 148 417
01/06/87 303 763
24/08/87 178 477
30/11/87 222 591
Site.14 	
Date Cs134 Cs137
	
Bq/Kg Bq/Kg
02/05/86 . 263
08/05/86 208 551
16/06/86 114 380
14/07/86 1405 3090
11/08/86 379 905
02/09/86 283 646
03/11/86 589 1319
15/12/86 232 579
02/03/87
. .
02/04/87 183 509
01/06/87 107 356
24/08/87 264 610
30/11/87 145 435
Site=15
Date Cs134
Bq/Kg
Cs137
Bq/Kg
02/05/86
. .
08/05/86 173 491
16/06/86 257 668
14/07/86 240 647
'11/08/86 343 869
02/09/86 350 856
03/11/86 266 706
15/12/86 245 624
02/03/87 .


02/04/87 195 488
01/06/87
.


24/08/87 206 572
30/11/87 198 507
Table 15 cont'd
Esthwaite Water Grid Samples 6
	 Site=16 	
Date
02/05/86
Cs134
Bq/Kg
Cs137
Bq/Kg
08/05/86 91.8 298
16/06/86 393.0 900
14/07/86 270.0 697
11/08/86 355.0 824
02/09/86 960.0 2120
03/11/86 431.0 1030
15/12/86 375.0 914
02/03/87


02/04/87 239.0 594
01/06/87


24/08/87 147.0 437
30/11/87 245.0 602
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Figures
A map of the layout of samplingpoints at the mouth of Black Beck.
Ruthenium-103concentrationsin the surfacecentimetreof Esthwaiteand
Windermeresediments.
Change in the total concentrationof radiocaesiumwith time in water from
Esthwaitea) Cs-134; b) Cs-137.
Change in the soluble concentrationof radiocaesiumwith time in water from
Windermerea) Cs-134; b) Cs-137.
Temporalchanges in the soluble and particulateconcentrationsof a) Cs-134
and b) Cs-137 in the surface water (3 m) of EsthwaiteWater.
Temporalchanges in the solubleand particulateconcentrationsof a) Cs-134
and b) Cs-137 in the bottom waters (13.5m) of Esthwaitewater.
Variationin the concentrationsof Cs-137 in the top five centimetresof
Esthwaitesediments.
Variationin the concentrationsof Cs-134 in the top five centimetresof
Esthwaitesediments.
Variationin the concentrationsof Cs-137 in the top five centimetresof
Windermeresediments.
26
Variationin the concentrationsof Cs-134 in the top five centimetresof
Windermeresediments.
A simple representationof a lake.
Definitionsof the epilimnion,metalimnionand hypolimnionused in this
work.
Estimatedconcentrationsof Cs-137 in Esthwaiteassuming hydraulic
flushinglosses only.
Estimatedconcentrationsof Cs-137 in Windermereassuming hydraulic
flushinglosses only.
15 a. Concentrationsof Cs-134 and Cs-137 at various depths in EsthwaiteWater
on 27/8/86.
b. Concentrationsof Cs-134 and Cs-137 at various depths in EsthwaiteWater
on 9/9/87.
16 a. Log solubleand total Cs-137 versus time in the surface waters of
Esthwaite.
b. Log solubleand total Cs-134 versus time in the surface waters of
Esthwaite.
17 a. Log solubleCs-137 versus time in the surface waters of Windermere.
b. Log solubleCs-134 versus time in the surface waters of Windermere.
27
Frequencydistributionof Cs-137 concentrationsin samples not containing
Cs-134 a) Esthwaite b) Windermere.
Total load depositedon the sedimentsof Esthwaiteestimated from water
column models a) Cs-134, b) Cs-137.
Total load depositedon the sedimentsof Windermereestimated from water
column models a) Cs-134, b) Cs-137.
Maximum penetrationof Cs-134 into sedimentswith time.
Cs-134 penetrationversus surface Cs-134 core.
Cs concentrationsin the surface 2 cm of samples from a grid in Esthwaite
water a) Cs-137; b) Cs-134.
Distributionmaps of a) the mean of the first four samples at each site; b)
the mean of the last two samples taken at each site; c) depositionof
sedimentin cm since c. 1900 (from Hilton et al. 1986).
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Fig 4. Change in the soluble concentration of radiocaesium
with time in water from Windermere
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Fig 5. Temporal changes in the soluble and particulate
concentrations of radiocoesium in the surface
waters (3m) of Esthwaite
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Fig 6. Temporal changes in soluble and particulate
concentrations of radiocaesium in the bottom
waters (13.5m) of Esthwaite
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F g 7. Variation in the concentrations of Cs-137 in the
top five centimetres of Esthwaite sediments
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Fig 8. Variation in the concentrations of Cs-134 in the
top five centimetres of Esthwaite sediments
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Fig 9. Variation in the concentrations of Cs-157 in the
top five centimetres of Windermere sediments
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Fig 11 A simple representation of a lake
(Cs+Cp),F
•


Ci,F
, C = K SS CP d" s
Aot/4„Cp
Ci = instantaneous concentration of Caesium in the inflow (Bg.rn-3 )
F = hydraulic flow through the system (m3.c1-1)
—3Cs= instantaneous concentration of soluble Caesium in the lake (Bq.m )
- 3C = instantaneous concentration of particulate Caesium in the lake (Bq.m )
V = volume of completely mixed region of the lake
Kd = distribution coefficient (m3.kg ) = C (Bq.m-3 )
SS(kg.n1-3).C5(Bq.m-3)
A = surface area of the lake (m2)
LA.,V= deposition velocity of particulate Cs (m.d )
SS= suspended solids concentration in kg.rn-3 .
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Fig 13. Estimated concentrations of Cs-137 in Esthwaite
assuming hydraulic flushing losses only.
(Dotted lines show model estimates; solid line
shows measured values)
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assuming hydraulic flushing losses only.
(Dotted lines show model estimates;
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Fig 16. Log soluble and total concentrations of radiocaesium
versus time in the surface waters (3m) of Esthwaite
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Fig 19. Total load deposited on the sediments of Esthwaite
estimated from water column models. (Dotted lines
show model estimates; solid lines show measured values)
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